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The humoral hypercalcemia factor parathyroid hor-
mone-related protein is a paracrine-signaling molecule
that regulates the development of several organ systems,
including the skin. In pathologic circumstances such as
hypercalcemia and in development, parathyroid hor-
mone-related protein signaling appears to be mediated
by the type I parathyroid hormone/parathyroid hor-
mone-related protein receptor. In order to clarify the
role of the ligand and receptor pair in cutaneous biol-
ogy, gene expression was monitored in a series of mur-
ine skin samples ranging from embryonic day 14 to 2 y
with in situ hybridization and RNase protection. In all
samples, high levels of parathyroid hormone-related
protein transcripts were exclusively expressed in the de-
veloping and adult hair follicle but were not observed in
the interfollicular epidermis. In the adult, parathyroid
hormone-related protein mRNA expression was dyna-
mically regulated as a function of the murine hair cycle
in a way similar to other signaling molecules that regu-
late the anagen to catagen transition. PTH receptor
transcripts were abundantly expressed in the developing
dermis. In the adult skin, PTH receptor mRNA was
markedly reduced, but again demonstrated hair-cycle-
dependent expression. The dorsal skin of the keratin
14^parathyroid hormone-related protein mouse was
used to evaluate the impact of overexpression of the
peptide on the murine hair cycle. All types of hair were
30^40% shorter in adult keratin 14^parathyroid hor-
mone-related protein mice as compared with wild-type
littermates. This appeared to result from a premature
entry into the catagen phase of the hair cycle. Finally,
the relationship between parathyroid hormone-related
protein signaling and other growth factors that regulate
the hair cycle was examined by cross-breeding experi-
ments employing keratin 14^parathyroid hormone-re-
lated protein mice and ¢broblast growth factor-5-
knockout mice. It appears that parathyroid hormone-
related protein and ¢broblast growth factor-5 regulate
the anagen to catagen transition by independent path-
ways. Key words: ¢broblast growth factor-5/hair cycle/hair/
parathyroid hormone/PTH receptor/parathyroid hormone-
related protein. J Invest Dermatol 120:715 ^727, 2003
P
arathyroid hormone-related protein (PTHrP) was
initially identi¢ed due to its association with the
paraneoplastic syndrome, humoral hypercalcemia of
malignancy. This syndrome is produced when tumor-
derived N-terminal PTHrP enters the circulation and
stimulates the type I PTH/PTHrP (PTH1R) receptor in bone
and kidney, resulting in hypercalcemia (Broadus et al, 1988). Sub-
sequent studies have revealed that PTHrP is a polypeptide that is
processed into three fragments: a PTH-like N-terminal, a mid-
region, and a C-terminal peptide, all of which have demonstrated
bioactivity (Clemens et al, 2001). Also, the peptide contains a
functional nuclear/nucleolar localization signal, and emerging
evidence suggests that the peptide can be tra⁄cked to the nucleus
as a result of altered translation of the PTHrP mRNA (Aarts et al,
2001). PTHrP-induced activation of the PTH1R regulates the de-
velopment of several organ systems, including the long bone,
tooth, and mammary gland (Karaplis et al, 1994; Philbrick et al,
1998; Wysolmerski et al, 1998). Consistent with this role, PTHrP
and PTH1R are often expressed within discrete regions of devel-
oping organs (Lee et al, 1995; Dunbar et al, 1998; Philbrick et al,
1998).
The ¢rst indication that PTHrP may have a physiologic func-
tion in the skin stemmed from the observation that human fore-
skin keratinocytes secreted high levels of the various peptide
fragments into culture media (Merendino et al, 1986). Subse-
quently, low levels of PTHrP mRNA were localized to the
spinous layers of human abdominal skin (Danks et al, 1995) and
numerous antibody-labeling studies have reported the presence
of all three PTHrP peptides in virtually all epidermal-derived cell
types in human skin (Danks et al, 1989, 1991; Hayman et al, 1989;
Atillasoy et al, 1991; Rosol et al, 1993; Sharpe et al, 1998). Cultured
human epidermal keratinocytes do not appear to express the
PTH1R, whereas cultured dermal ¢broblasts express mRNA for
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this receptor (Hana¢n et al, 1995). N-terminal PTHrP and PTH-
induced stimulation of the PTH1R produces both cyclic adeno-
sine monophosphate and phospholipase C-mediated signaling in
dermal ¢broblasts (Hana¢n et al, 1995; Pun and Tam, 1995). In situ
hybridization studies in fetal rats indicated that PTHrP mRNA
was expressed in the developing vibrissae and hair follicles,
whereas the PTH1R transcripts were observed in the surrounding
mesenchyme. This suggests that the peptide may function as a
paracrine-signaling molecule between these tissue elements (Lee
et al, 1995).
Several lines of evidence imply that PTHrP in£uences distinct
aspects of skin physiology. Treatment of cultured foreskin kerati-
nocytes or immortalized keratinocyte lines with all three PTHrP
fragments has been reported to alter proliferation rates and the
expression of di¡erentiation markers (Holick et al, 1994;Whit¢eld
et al, 1996). Anti-sense-mediated decreases in PTHrP expression in
an immortalized keratinocyte cell line induced altered prolifera-
tion and di¡erentiation characteristics, suggesting a non-PTH1R-
mediated autocrine role for the peptide (Kaiser et al, 1991, 1994).
Overexpression of PTHrP driven by the human keratin (K) 14
promoter cassette converts the entire ventral skin to hairless nip-
ple-like skin (Wysolmerski et al, 1994; Foley et al, 2001). The ven-
tral skin of the K14-PTHrP mouse results from altered patterning
of the ventral dermis to a mammary mesenchyme fate, and this
is mediated by PTH1R signaling in mesenchymal ¢broblasts
(Dunbar et al, 1999; Foley et al, 2001). Inhibition of hair follicle
morphogenesis appears to be essential to the process of forming
nipple epidermis (Foley et al, 2001; Abdalkhani et al, 2002). Re-
sults from a series of novel experiments employing PTH1R ago-
nists and antagonists suggest that PTHrP may modulate the hair
cycle (Holick et al, 1994; Holick et al, 1996; Schilli et al, 1997; Peters
et al, 2001). A PTH1R antagonist (PTH 7^34-amide) injected into
neonatal and adult mice appeared to increase the duration of ana-
gen (Schilli et al, 1997), whereas in vivo application of agonists
(PTH 1^34 and PTHrP 1^34) was reported to trigger premature
catagen (Peters et al, 2001). Thus, PTHrP appears to in£uence skin
development and physiology by PTH1R-dependent as well as in-
dependent mechanisms, and the hair follicle appears to be a major
site for the peptide’s action.
In an e¡ort to expand our understanding of the peptide’s func-
tion in cutaneous biology, both PTHrP and the PTH1R mRNA
expression were evaluated in murine skin throughout develop-
ment. Speci¢c attention was paid to the expression of both mole-
cules during the various stages of the hair cycle. Hair growth on
the dorsal skin of the K14-PTHrP mouse was investigated to
determine how overexpression of the peptide in£uences the hair cy-
cle. Finally, the relationship between PTHrP signaling and other
growth factors that regulate the hair cycle was examined by cross-
breeding experiments employing the K14-PTHrP mouse and the
¢broblast growth factor (FGF)-5-knockout mouse.
MATERIALS AND METHODS
Mice All experiments that used animals were approved by the Indiana
University IACUC and were performed in compliance with stipulations
of that body. CD-1 mice (Charles River, Charleston, MA) were used for
the initial gene expression studies. The K14-PTHrP transgenic line was
maintained by continued breeding against a CD-1 background. The FGF-
5-knockout mice were a gift from Dr Gail Martin, Department of
Anatomy and Cell Biology UCSF (Hebert et al, 1994). Heterozygous FGF-
5 mice were detected with the following primers: forward 50 ACACAC-
TGGCTTCGTGGGAG 30 (FGF-5) and reverse 50 GCTCCAGAC-
TGCCTTGGGAAAAG 30 (Neo), and homozygous FGF-knockouts were
con¢rmed with the forward primers from above and reverse: 50 GAGGC-
TATGTCCACCCTGTGC 30 (FGF-5).
Tissue harvesting Samples were harvested from CD-1 mice at
representative time points of developing hair and age: embryonic day
(E)12, E14, E16, E18, newborn, day 3, 1 wk, 2 wk, 3 wk, 6 wk, 9 wk, and
2 y. Three mice were used for each time point. Two females and one male
were prepared when gender identi¢cation was possible. To compare hairy
vs glabrous skin, footpad skin was prepared from E16 and 4 mo old mice.
Vibrissae follicles were also prepared from 4 mo old mice. Nipples were
dissected from 8 to 12 wk old virgin, pregnant (8, 13, 18, 20 d), or lactating
(1, 9, 16, 20 d) CD-1 mice and fourth nipple from the mice were evaluated
for each time point. For the hair cycle study, 7 wk old CD-1 mice (male
and female) were depilated. Skin samples were harvested at various time
points to get representative samples of cycling hair: 0, 1, 3, 5, 7, 9, 11, 15, 17,
19, 20, 21, and 24 d after depilation. The experiment was repeated three
times, but not all of the time points were evaluated in each experiment.
Full-thickness skin was removed, ¢xed in 4% paraformaldehyde,
cryoprotected in 30% sucrose solution, embedded in OCT medium,
frozen, and stored at ^801C. Samples were cryocut at 10 mm and mounted
on silane-coated slides (Histology Control Systems, Inc., Glen Head, NY)
for in situ hybridization. Samples hybridized with both anti-sense and sense
probes were mounted on the same slide. Additional pieces of skin were
snap frozen and stored at ^801C for RNA extraction experiments. To
compare hair cycles after depilation in the transgenic mice, 12^15 wk old,
sex-matched K14-PTHrP mice and wild-type littermates were used.
Samples from these mice were ¢xed in formalin, processed for para⁄n
embedding, sectioned, and stained with hematoxylin and eosin. Two mice
of each genotype were used for every time point except 17 d after
depilation. At this time point, ¢ve mice of each type were examined.
In situ hybridization 35S-labeled riboprobes of anti-sense and sense
were transcribed using a 349 bp cDNA fragment of the principal coding
exon of the mouse PTHrP gene and a 238 bp cDNA fragment of mouse
PTH1R gene encompassing the 50 end of the mouse PTH1R coding
sequences. The transcribed riboprobes were alkaline hydrolyzed [40 mM
NaHCO3, 60 mM Na2CO3, 5 mM dithiothreitol (DTT)] to yield 175 bp
fragments at 601C, puri¢ed on Select-D (RF) G50 columns to remove
unincorporated nucleotides, ammonium acetate and ethanol precipitated,
air dried, and resuspended in 0.2 M DTT. Before use, tissues on slides were
rehydrated, treated with proteinase K (20 mg per ml) for 2 min, re¢xed in
4% paraformaldehyde, treated with 0.25% acetic anhydride in 0.1 M
triethanolamine, dehydrated, and air dried. Probes in hybridization bu¡er
(50% deionized formamide, 0.3 M NaCl, 20 mM Tris pH 8.0, 5 mM
ethylenediamine tetraacetic acid pH 8.0, 10 mM Na3PO4, single strength
Denhardt’s solution, 10% dextran sulfate, 0.5 mg per ml yeast tRNA) at a
concentration of 2.0104 cpm per ml for PTHrP and 1.5104 cpm per ml
for PTH1Rwere applied to the tissues, coverslipped, and incubated at 551C
for 17 h. Coverslips were removed by incubating slides in 5 sodium
citrate/chloride bu¡er (SSC) (1SSC is 0.15 M NaCl and 0.015 M sodium
citrate), 10 mM DTT at 551C. The tissues were washed in 50% formamide,
2 SSC, 10 mM DTT at 651C for 30 min, followed by three washes in 10
mM Tris^HCl, 0.5 M NaCl, 5 mM ethylenediamine tetraacetic acid (TNE
bu¡er) for 10 min once at room temperature and twice at 371C. Tissues
were treated with RNase A (20 mg per ml) and RNase T1 (10 U per ml)
for 30 min at 371C to remove nonhybridized RNA and then washed in
TNE bu¡er for 15 min at 371C. Tissues were washed in 50% formamide,
2 SSC, and 10 mM DTT for 30 min, followed by 2 SSC and 1 mM
DTT, and then 0.1SCC and 1 mM DTT for 15 min at 651C (Nephew
et al, 2000). Tissues were dehydrated, dried, then dipped in Ilford Nuclear
Emulsion K5, stored at 41C with desiccant, and developed in 3 wk. The
tissues hybridized with the sense probe served as a negative control.
Representative tissues were counterstained with methylene green for
bright ¢eld examination.
RNase protection Total cellular RNA was prepared from skin
fragments using the RNeasy kit (Qiagen, Valencia, CA). Multiple skins
were used for the embryonic to 3 d old samples. A single skin was used
to prepare all other samples. RNase protection analysis on 40 mg of total
RNA was performed as previously described (Mangin et al, 1990) using
2.5105 cpm of the PTHrP and PTH1R probes listed above and 1.5104
cpm of a labeled anti-sense probe derived from a Sau3a-Sau3a cDNA
fragment of mouse cyclophilin that protects a 220-base fragment. For
densitometry, images of radiographs were captured with a Hewlett
Packard 1200 600 dpi scanner and analyzed with TotalLab v1.10 from
Phoretix using 1D analysis. Background was subtracted using the rolling
disc method with a radius of 120, and density was measured as pixel
intensity.
Hair measurements Tufts of hair from the mid dorsum of sex- and
color-matched wild-type and K14-PTHrP littermates were harvested with
a forceps by gently pulling with the orientation of the follicles. Images of
hair were digitally captured using a spot RT camera and a Leica dissecting
scope.The length of individual hairs was measured using an image analysis
program (NIH image). Ten to 50 hairs of each type were measured from
three to seven mice of every genotype and age. Results were expressed as a
mean7SEM and the Student’s t test was employed as a test of signi¢cance.
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RESULTS
In situ hybridization analysis of PTHrP and PTH1R gene
expression in developing skin Using in situ hybridization, a
discrete spatial expression pattern of PTHrP transcripts was
detectable in the hair follicle throughout murine skin
development (Fig 1). To describe the speci¢c stages of hair
development, the terminology developed by Wu Kuo and
Chuong (2000) is used. At E12, PTHrP expression was not
observed in the periderm, although it was highly expressed in
the adjacent developing mammary gland (Fig 1b,c). During the
induction stage of hair follicle development (E14), intense
labeling of PTHrP transcripts in skin occurred exclusively in
hair placodes, whereas epidermis overlying and adjacent to these
structures contained little labeling (Fig 1e,f). During the
morphogenesis stage (E18), PTHrP transcripts were expressed in
the outer portion of the distal end of developing hair follicles
(Fig 1h,i). In the di¡erentiation stage of hair follicle
development (1 and 2 wk), PTHrP transcripts were highly
expressed in the isthmus of hair follicles. In addition, transcripts
were localized heterogeneously as discrete collections of silver
grains in the proximal portion of the outer root sheath (ORS)
of the anagen follicles. Aweak labeling was also observed in the
matrix within the bulb (Fig 1k^o). At the ¢rst telogen in 3 wk
old mouse skin, the PTHrP transcripts were limited to the
isthmus of the permanent portion of hair follicle (Fig 1q,r).
Throughout hair development PTHrP transcripts were observed
in the isthmus but were not apparent at the insertion site of the
arrector pilli muscle (bulge). In the older mice, the intensity of
PTHrP transcript expression decreased; however, the spatial
pattern was not altered, and speci¢c labeling was not observed
in the interfollicular epidermis (data not shown).
Previous studies have reported that PTHrP transcripts were
restricted to the suprabasal layers of the interfollicular epidermis
in adult human skin (Danks et al, 1995). As the trunk skin of the
adult mouse has minimal suprabasal layers, we speculated that the
lack of interfollicular epidermal PTHrP transcripts might re£ect
the lack of a signi¢cant spinous compartment. To determine
if PTHrP transcripts could be detected in the spinous layer
of murine skin, we used in situ hybridization to evaluate
two regions where the epidermis has a prominent spinous
compartment: the nipple and the footpad. Moreover, we pre-
viously determined that PTHrP signaling during development
was crucial to the formation of the nipple epidermis.We wanted
to determine if signaling by this peptide played any part in the
dramatic changes this structure undergoes during pregnancy as
well as lactation. The in situ hybridization failed to detect PTHrP
transcripts in the thickened glabrous epidermis of the developing/
adult footpad, or the nipple; however, PTHrP transcripts were
highly expressed in adjacent hair follicles and central mammary
duct of the nipple samples (Fig 2). Furthermore, PTHrP
transcripts were not observed in the epidermis of the nipple at
any stage of pregnancy or lactation, suggesting the peptide does
not play a functional part in the growth and remodeling of this
structure that occurs under the in£uence of steroid hormones or
suckling (Fig 2).
High levels of PTH1R transcripts were intensely expressed
throughout both the dorsal and ventral upper dermis of
developing skin, including both the areas immediately
surrounding the hair follicles, and the interfollicular regions
(Fig 3a^f). In neonatal skin (3 d and 1 wk), labeling for PTH1R
transcripts was decreased in intensity and more concentrated
in the upper dermis adjacent to the interfollicular epidermis
(Fig 3h,i). Labeling for PTH1R transcripts was virtually
undetectable by this methodology in samples from adult mice
(3 wk^2 y of age, Figs 3k^l and 5b,c, other data not shown).
PTHrP and PTH1R transcripts were expressed in distinct
spatial and temporal patterns during the hair cycle One
unique characteristic of hair is that it undergoes a regenerative
cycling to maintain pelage throughout the lifetime of a
mammal. There are three distinct histologic phases of the cycle:
anagen (the growing phase); catagen (the regression phase); and
telogen (the resting phase); (Stenn and Paus, 2001). Given that
PTHrP transcript expression in the skin was focused in the hair
follicles, we employed depilation to synchronize the hair cycle in
adult mice to study gene expression throughout this cycle. In
telogen skin samples (on the day of depilation and 24 d after
depilation) PTHrP transcripts were expressed exclusively in the
isthmus (Fig 4b,c). As shown in Fig 4(e,f) during early anagen
(days 3^7 after depilation), PTHrP transcripts were weakly
expressed throughout the follicle; however, in late anagen
samples (day 11, anagenVI stage) discrete foci of intense labeling
were observed along the proximal ORS and isthmus, and the
matrix within the bulb was weakly labeled (Fig 4h^k). During
catagen (day 19), PTHrP mRNA expression was not apparent in
the proximal regressing hair, although its expression remained in
the isthmus (Fig 4m^o).We also performed in situ hybridization
using the PTH1R probe on the skin of the depilated mice. As the
mice were 7 wk old prior to the experiment, very little speci¢c
labeling was observed (Fig 5b,c). During early anagen (days 3^7
after depilation), however, speci¢c labeling was observed in the
ventral dermal sheath (Fig 5e,f). Surprisingly, we did not
observe high concentrations of PTH1R transcripts in the dermal
papilla at any point of the hair cycle. Taken together, PTHrP
transcripts were spatially and temporally modulated during the
adult hair cycle with the highest levels of transcripts being
observed during late anagen, whereas PTH1R transcripts could
be observed only during early anagen.
Vibrissa, or sinus hair, the largest of all hair follicles in the
mouse, have a histologic structure similar to pelage hair, but
di¡er in that they are composed of a multilayered ORS and lack
a distinct telogen phase. All of the vibrissae evaluated had
morphology consistent with the anagen phase of the follicle
cycle (Oshima et al, 2001). PTHrP transcripts were abundant in
the isthmus, bulge, and ORS of the proximal portion of the
follicle, but were not apparent in the bulb (Fig 4q^s). PTHrP
transcript expression was higher in the undi¡erentiated outer
layer than in the di¡erentiated inner layer of ORS throughout
the vibrissa follicles (Fig 4q^s).
Analysis of PTHrP and PTH1R transcript levels by RNase
protection To con¢rm observations made by in situ
hybridization, we employed RNase protection on total RNA
derived from full thickness skin samples harvested in parallel
with those used in the developmental survey and depilation
study. As shown in Fig 6(a,b), PTH1R mRNA expression was at
relatively high levels in fetal and neonatal skin, whereas PTHrP
transcripts were relatively low at these earliest time points. PTH1R
mRNA expression levels diminished through early neonatal life
(Fig 6a,b); however, expression of transcripts appeared to return
to higher levels in 3 and 6 wk old skin (Fig 6a,b). After birth,
there is a peak of PTHrP mRNA expression in the 2 wk
samples that histologically were in anagen IV (Fig 6a,b). These
results corresponded well with the in situ hybridization survey of
the developing skin samples illustrating the relationship between
PTHrP or PTH1R gene expression and the hair cycle or
developmental stage of the animals.
In the depilated skin samples, PTHrP transcripts were at the
highest relative levels between 10 and 15 d after depilation,
corresponding to the anagen VI phase of the hair cycle (Fig 6c).
PTH1R mRNA expression was highest at 3^7 d after depilation,
but its levels were reduced at 10 and 15 d when PTHrP transcript
expression was at its highest levels (Fig 6c). Because our initial
depilation experiments did not include catagen time points, we
repeated these experiments taking time points at 17, 19, 20, and
24 d after depilation. As shown on the left panel of Fig 6(c),
there is a gradual increase of PTH1R expression during the
catagen to telogen transition.
Overexpression of PTHrP in£uences the hair cycle The
modulation of PTHrP and PTH1R mRNA expression levels
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during the murine hair cycle suggested that this signaling system
might play a regulatory role in hair growth. To investigate this
possibility further, we evaluated hair growth in the K14-PTHrP
transgenic mouse where ligand overexpression is driven in the
ORS by human K14 promoter (Wysolmerski et al, 1994). A delay
of hair follicle morphogenesis was previously observed on
the dorsal surface of the K14-PTHrP mouse as compared
with wild-type littermates (Wysolmerski et al, 1994). Careful
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examination of the coat of hair on both male and female K14-
PTHrP mice suggested that pelage hairs of the head and back
were shorter than wild-type littermates at 3, 7, and 9 wk. We
measured hair from the mid dorsum of 3 wk old (telogen of
¢rst hair cycle) and 9 wk old (second telogen stage) K14-PTHrP
mice and sex-matched littermates (Wilson et al, 1994; Morris et al,
1997). As shown in Fig 7(a,b), the three major hair types from 3
and 9 wk old K14-PTHrP mice were considerably shorter than
those from wild-type littermates. Of particular interest were the
zigzag hairs, of which the number of segments is proposed to
re£ect the duration of the anagen phase of the hair cycle
(Pennycuik and Raphael, 1984). As shown on the left side of
Fig 7(a), the zigzag hairs of the K14-PTHrP mouse consist of
three major segments, whereas wild-type littermates have four.
This ¢nding suggested that the K14-PTHrP mouse has a
shortened anagen phase of the hair cycle. We also examined
the vibrissae of the transgenic mice and littermates, but no
di¡erences were observed in the length of these specialized
hairs.
To identify the precise phase of the hair cycle in£uenced by
overexpression of PTHrP, we again employed the depilation
method to synchronize the hair cycle on the back of 12^15 wk
old, sex-matched K14-PTHrP/littermate pairs. The mice were
observed daily and skin samples were harvested at 5, 10, 13, 17,
and 21 d after depilation. No di¡erence was observed between
wild-type and transgenic mice in the timing of the emergence
of new hair shafts; however, histologic monitoring of the hair
cycle indicated that the K14-PTHrP mice apparently entered
into catagen early. As shown in Fig 7(c) (17 d after depilation),
the majority of hair follicles in the skin sample from the K14-
PTHrP mouse were in catagen, as compared with anagen in
wild-type littermates. This ¢nding suggests that overexpression
Figure 2. PTHrP mRNA expression detected by in situ hybridization in the foot pad and nipple skin of the mouse. Foot pad skin from a 4 mo
old mouse and nipples from virgin, pregnant, and lactating mice were processed for in situ hybridization with an 35S-labeled PTHrP sense probe as negative
control (left column) or anti-sense probe (middle and right columns). Left and middle columns are dark ¢eld images. Right column is bright ¢eld images
of serial sections hybridized with anti-sense probe and counterstained with methylene green. (a^c) PTHrP mRNA expression is not apparent in the foot pad
skin, which has a thick epidermal layer. (d^l) PTHrP mRNA is expressed neither in the epidermis of virgin nipple nor of pregnant and lactating nipples,
which undergo dramatic change in its thickness. Arrow indicates hair follicle in (e) and the lactiferous duct in (k). Bar: (a^c,f,i,l) 100 mm; and (d,e,g,h,j,k)
1200 mm.
Figure1. PTHrP mRNA expression detected by in situ hybridization in developing mouse skin.Whole body embryos (a^i) or longitudinal
sections of trunk skin (j^r) of CD-1 mice taken from E12 (a^c), E14 (d^f), E18 (g^i), 1wk (j^o), and 3 wk (p^r) were processed for in situ hybridization with
35S-labeled sense and anti-sense probes. The left column has dark ¢eld images of sections processed for in situ hybridization with the sense probe as negative
control. The middle column has dark ¢eld images of serial sections of the left column and was processed for in situ hybridization with the anti-sense probe.
The right column has bright ¢eld images of the serial sections of the middle column and was counterstained with methylene green. (a^c) At E12, PTHrP
mRNA expressed highly in the developing mammary gland (arrow) is not apparent in the periderm (arrowhead). (d^f) At E14 during induction stage, PTHrP
mRNA is highly expressed in the epithelial placode (arrow) of developing hair follicle, whereas it is not expressed in the interfollicular epidermis. (g^i) At
E18 during morphogenesis stage, the distal portion (arrow) of developing hair follicles express PTHrP mRNA. (j^o) At 1 wk during di¡erentiation stage,
full-grown hair follicles express PTHrP mRNA in the isthmus (arrow), ORS, and matrix of bulb. PTHrP transcripts are more abundant in the isthmus and
proximal ORS. (m^o) Are the high magni¢cation of distal portion, shaft, and proximal portion of hair follicle, respectively. (p^r) At 3 wk during the ¢rst
telogen of hair cycle, PTHrP mRNA continues to be expressed exclusively in the isthmus (arrow). Dotted lines delineate the basement membrane. Bar:
(a^i,p^r) 100 mm; (j^l) 185 mm; and (m^o) 74 mm.
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of PTHrP in the skin results in a shortened anagen, or a
premature catagen phase of the hair cycle. In addition, the ¢rst
hair cycle was histologically monitored in neonatal K14-PTHrP
mice and wild-type littermates by taking samples at 7, 10, 13, 17,
and 22 d of age. Few di¡erences in hair follicles were observed in
the 7^13 d samples; however, hair follicles in 17 d old K14-PTHrP
mice prematurely entered catagen as compared with wild-type
littermates, which were mostly in anagen (not shown). These
¢ndings suggested that overexpression of PTHrP in the dorsal
skin primarily a¡ects hair growth by shortening the anagen
phase or triggering premature catagen.
The duration of the telogen phase of the hair cycle was
monitored by observing retention of permanent hair dye in the
K14-PTHrP mice and sex-matched wild-type littermates. Groups
Figure 3. PTH1R mRNA expression detected by in situ hybridization in developing mouse skin.Whole body embryos (a^f) or longitudinal
sections of trunk skin (g^l) taken from E14 (a^c), E18 (d^f), 1wk (g^i), and 3 wk (j^l) CD-1mice were processed for in situ hybridization with an 35S-labeled
PTHR1 sense probe as control (left column) or anti-sense probe (middle and right columns). Left and middle columns are dark ¢eld images with sense and
anti-sense probes, respectively. Right column is bright ¢eld images of serial sections of middle column and counterstained with methylene green. (a^f) At
E14 and E18, PTH1R mRNA is highly expressed in the upper dermis but not in the epidermis and developing hair follicle. (g^i) At 1wk, PTH1R mRNA
expression is observed in the upper dermis; however, it has decreased in intensity and is more concentrated in the dermis beneath the epidermis and sur-
rounding isthmus (arrow). (j^l) PTH1R mRNA expression is not apparent in 3 wk old mouse skin. Dotted lines delineate the basement membrane. Bar:
(a,b,d^f,j^l) 100 mm; (c) 35 mm; (g,h) 250 mm; and (i) 60 mm.
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of seven mice of both genotypes were dyed at 21 d and 7 wk and
hair color was observed daily. On the basis of these gross
observations, the presence of natural coat color was initially
observed in the K14-PTHrP mice E 2 d later than in wild-type
littermates, and dyed areas returned to natural color more quickly
in the nontransgenics dyed at both 3 and 7 wk (not shown).Thus,
there appears to be an in£uence of PTHrP overexpression on the
telogen phase of the hair cycle.
Overexpression of PTHrP reduces hair shaft length in FGF-
5-null mice Currently, the relationship is between PTHrP and
other signaling molecules is unclear with respect to the hair cycle.
Of the di¡erent molecules proposed to regulate the hair cycle, the
FGF family are particularly intriguing candidates as mediators of
PTHrP action in the hair follicle. N-terminal PTHrP or PTH
have been shown to induce members of the FGF family in
dermal ¢broblasts and osteoblast-like cells (Blomme et al, 1999;
Hurley et al, 1999). Of this family, FGF-5 appears to play a role
as a putative catagen regulator, and the knockout of this gene
results in prolonged anagen and longer hair shafts (Pennycuik
and Raphael, 1984; Hebert et al, 1994). To determine if there is a
relationship between PTHrP and FGF-5 in the regulation of the
hair cycle, we crossed the K14-PTHrP transgene on to an FGF-5-
null background. The lack of FGF-5 had no impact on the
development of nipple-like skin on the ventral surface of the
K14-PTHrP mouse, and hair was present on the dorsal surface
(Fig 8a^f). We measured hairs from the mid-dorsum of 3 wk
old FGF-5^/^ and K14-PTHrP/FGF^/^ mice. If FGF-5 was the
exclusive downstream signaling target of PTHrP, we predicted
that that the K14-PTHrP transgene would not reduce hair shaft
length in the absence of this growth factor. As shown in
Fig 8(a,b,g), there were substantial di¡erences in the lengths of
the hair from FGF-5 knockout mice and those that expressed
the K14-PTHrP transgene, implying that this factor was not the
exclusive downstream mediator of PTHrP in£uence on the hair
cycle. The hair from the K14-PTHrP/FGF knockouts was longer
than that of age- and sex-matched K14-PTHrP mice (compare
Fig 8g with 7c), however, suggesting that these two signaling
molecules in£uence the anagen to catagen transition by
independent pathways.
Figure 4. PTHrP mRNA expression detected by in situ hybridization through the hair cycle and in the vibrissa follicle. After depilation of 7 wk
old CD-1 mice to synchronize the hair cycle, longitudinal skin sections taken on the day of depilation (D0, a^c) or 3 d (D3, d^f), 11 d (D11, g^k), and 19 d
(D19, l^o) after depilation were processed for in situ hybridization with an 35S-labeled PTHrP sense probe (left column) or anti-sense probe (middle and right
columns). An upper lip, including vibrissa hair follicle, from 4 mo old mouse was also prepared by the same method as above. The left and middle columns
are dark ¢eld images of serial sections. The right column is bright ¢eld images of serial sections hybridized with anti-sense probe and counterstained with
methylene green. (a^c) During telogen, PTHrP mRNA is weakly expressed in the isthmus (arrow). (d^f) During anagen IIIa, PTHrP mRNA is expressed
weakly throughout the hair follicle. (g^k) During anagenVI, PTHrP mRNA is expressed in the isthmus, ORS, and matrix of bulb. PTHrP transcripts are
more abundant in the isthmus (arrow) and proximal ORS (arrowhead). (i,j,k) Are the high magni¢cation of the distal portion, shaft, and proximal portion of a
hair follicle, respectively. (l^o) During catagen, PTHrP mRNA continues to be expressed in the isthmus (arrow), whereas its expression is not apparent in the
regressing proximal hair follicle (arrowhead). (p^s) In the vibrissa hair follicle, PTHrP transcripts are strongly expressed in the isthmus, bulge, ORS, and
matrix. They are especially abundant in the peripheral portion of bulge (arrow) and proximal ORS (arrowhead). (r,s) Are the high magni¢cation of distal and
proximal portions of vibrissa hair, respectively. Bar: (a^e,i^k,n,o) 50 mm; (f) 40 mm; (g,h) 130 mm; (l,m) 60 mm; (p,q) 200 mm; and (r,s) 120 mm.
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DISCUSSION
The e¡ects of PTHrP on di¡erent tissues are diverse and not ea-
sily characterized by a single paradigm. The complexity of
PTHrP in£uence on development, physiology, and pathology
stems from a variety of factors, including multiplicity of signal-
ing moieties (Clemens et al, 2001), modulation of the precise G
proteins that transduce the PTH1R signal (Mahon et al, 2002),
cell-type speci¢c responses to PTH1R signaling (Philbrick et al,
1996), and ¢nally limited developmental windows in which the
signaling by the peptide impacts a given tissue (Foley et al, 2001).
Given this complexity it is not surprising that it has been di⁄cult
to develop a comprehensive understanding of this molecule’s
function within the integumentary system. Here we report a
complete evaluation of the spatial and temporal regulation of
the PTHrP/PTH1R signaling system during skin development
and hair cycling. On the basis of these ¢ndings, we propose
several distinct functions for PTHrP associated with the discrete
locations of its transcripts within the skin.
The role PTHrP in morphogenesis of the nipple represents the
most well understood aspect of the peptide’s function in the skin.
At E11 high levels of PTHrP mRNA are observed in the mam-
mary bud, whereas the remainder of ectoderm and periderm lack
expression. In contrast, the entire dorsal, lateral, or ventral
mesenchyme underlying the integument expresses uniformly high
levels of PTH1R message (Fig 3) (Lee et al, 1995; Dunbar et al,
1999). Presumably, N-terminal PTHrP signals the PTH1R on
the surrounding ¢broblasts and acts as an inductive signal to
trigger di¡erentiation to the mammary mesenchyme fate
(Wysolmerski et al, 1998; Dunbar et al, 1998). This mammary
mesenchyme in turn directs two processes: (i) the down-growth
of the mammary epithelium into the fat pad (Dunbar et al, 1998;
Wysolmerski et al, 1998), and (ii) the morphogenesis of the nipple,
which appears to be mediated in part by inhibition of hair follicle
formation (Foley et al, 2001; Abdalkhani et al, 2002). The dramatic
hairless phenotype of the ventral skin of the K14-PTHrP mouse
indicates that the entire developing ventral dermis has the capa-
city to di¡erentiate into mammary mesenchyme and inhibit hair
morphogenesis (Foley et al, 2001).
Thus, the question is raised as to why the mesenchymal cells of
the ventral region respond so di¡erently to the PTHrP signal
from those of the dorsal surface. Most likely, the answer to this
question lies in the timing of the events as well as the di¡erent
origin of cells and patterning signals that are involved in the for-
mation of the dorsal and ventral mesenchyme. Mammary gland
development in the mouse begins at E10^11 (Sakakura, 1987).This
is well before pelage hair begins to develop in either the lateral
dorsal region (E13.5) or the ventral surface of the embryo (which
occurs later E13.5þ ). (Byrne et al, 1994). Perhaps the most com-
plete model for understanding the in£uence of the timing of
Figure 5. PTH1R mRNA expression detected by in situ hybridization through the hair cycle. Longitudinal skin sections taken from 7 wk old CD-
1mice on the day of depilation (D0, a^c) and 3 d (D3, d^f) after depilation were processed for in situ hybridization with an 35S-labeled PTH1R sense probe as
control (left column) or anti-sense probe (middle and right columns). The left and middle columns are dark ¢eld images. Right column is bright ¢eld
images of serial sections hybridized with anti-sense probe and counterstained with methylene green. (a^c) In the adult mouse skin, PTHR1mRNA expres-
sion is not apparent in the dermis. (d^f) During anagen III, PTH1R transcripts are weakly and transiently expressed in the deep dermis surrounding prox-
imal hair follicle (arrow). Bar: (a^c,f) 50 mm; and (d,e) 81 mm.
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patterning signals, as well as the role of distinct mesenchymes in
skin development is the formation of the unique dorsal and ven-
tral epidermal appendages at the end of vertebrate limbs. Limbs
arise from the ectoderm and underlying mesoderm at the dorsal^
ventral interface of the E E9 fetal mouse (Loomis et al, 1996,
2002). Ectopic expression of Wnt7A in the ventral portion of
the apical epidermal ridge of the early developing limb bud re-
sults in the acquisition of dorsal homeobox gene expression in
the ventral mesenchyme (Loomis et al, 1996, 2002). This leads to
the development of hair where there should be glabrous footpad
and eccrine glands (Loomis et al, 1996, 2002). In the whole
embryo, the dorsal dermis arises from the somitic dermomyotome
(Sengel, 1976). Analogous to limb development, it has been pro-
posed that the dorsal mesenchyme is programmed to produce
epidermal appendages by exposure to aWnt that is produced by
the dorsal neural tube (Olivera-Martinez et al, 2000). In contrast,
the ventral dermis arises from the somatic lateral plate mesoderm
(Sengel, 1976), and the speci¢c signaling molecules involved
in patterning this mesenchyme have not been determined. We
speculate that as the ventral mesenchyme develops apart from
the dorsal neural tube, it may require an additional signal to
participate in epidermal appendage formation. Thus, the PTHrP
Figure 6. Evaluation of relative levels of PTHrP and PTH1R transcript expression in murine skin by RNase protection. (a) RNase protection
analysis performed on 40 mg of total RNA derived from individual skin samples of fetal, neonatal, adult, and aged mice. Age of samples is indicated above
the ¢gure: E¼ embryonic, D¼day,W¼wk, M¼mo,Y¼year. Rp, R, cyc indicate bands that were protected by mPTHrP, mPTH1R, and mCyclophilin
probes, respectively. (b) Densitometric analysis of levels PTHrP (solid bars) and PTH1R transcripts (open bars) relative to cyclophilin as assayed by RNase
protection. The data represent the average of two or three samples (some from above, others from assays not shown) and error bars represent the standard
deviation when three replicates were available. (c) RNase protection analysis performed on 40 mg of total RNA derived from individual skin samples of
mice subjected to depilation. Days after depilation are indicated above the ¢gure. Rp, R, cyc indicate bands that were protected by mPTHrP, mPTH1R, and
mCyclophilin probes, respectively.
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responsiveness of the ventral mesenchymal cells is probably
limited to a developmental window (E11^13) prior to the
acquisition of competence of these cells to participate in hair
follicle morphogenesis (E14).
Our observations that hair length was reduced on the dorsal
and head regions of the adult K14-PTHrP mouse adds to a series
of experiments suggesting that PTHrP functions as one of many
signals that produce the anagen to catagen transition (Holick et al,
Figure 7. Transgene-mediated overexpression of PTHrP in£uences the murine hair cycle. (a) Photomicrographs of major hair types. (WT) indi-
cates hair from 9 wk old male wild-type littermate. K14 indicates hair from 9 wk old male K14-PTHrP mouse. The far left side of the panel shows an
annotated view of representative zigzag hairs. Note that the wild type has four major segments, whereas the K14-PTHrP has only three. (b) The panel shows
the mean length7 SEM of three types of dorsal hair from the K14-PTHrP mice at 21 d and 9 wk were 32^45% shorter than those of wild-type littermates.
po0.01 for all hair types of K14-PTHrP hair as compared with wild type at both ages. (c) Hematoxylin and eosin-stained sections from formalin-¢xed,
para⁄n-embedded, mid-dorsal skin of age- and sex-matched 12^15 wk old K14-PTHrP mice and their littermates that have been subjected to depilation.
Genotype is indicated on the top of the composite (WT¼wild type, K14¼K14-PTHrP). Days after depilation are indicated along the left side of the ¢gure.
Bar: (a) 1 mm; (b) 0.2 mm.
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1994, 1996; Schilli et al, 1997; Peters et al, 2001). The length of the
vibrissae of the K14-PTHrP mice did not appear to be a¡ected;
however, given the apparently high levels of PTHrP expression
in the native structure, it is not clear whether additional peptide
delivered by the transgene cassette would in£uence its growth.
The expression pattern of PTHrP in pelage hair during late ana-
gen is similar to that of other molecular inducers of catagen such
as tumor growth factor b and FGF-5 (Hebert et al, 1994; Foitzik
et al, 2000).We speculate that the peptide produced by ORS of
the late anagen hair follicle is relevant to its role in regulating
the hair cycle. From the PTH1R agonist and antagonist studies
it is clear that N-terminal PTHrP is the functional ligand in this
process (Holick et al, 1994, 1996; Schilli et al, 1997; Peters et al,
2001). Stimulation by N-terminal PTHrP or PTH results in
downregulation of the PTH1R receptor mRNA (Okano et al,
1994).Whether the reciprocal expression of PTHrP derived from
the ORS and the PTH1R in the dermal sheath indicates produc-
tive signaling between ligand and receptor remains to be estab-
lished. Alternatively, a biochemically characterized novel
receptor that responds to both N-terminal PTHrP and PTH pre-
sent on squamous carcinoma cells, cultured human keratinocytes,
and, theoretically, the epidermal cells of the hair follicle has been
proposed as a possible mediator of PTHrP in£uence on the hair
cycle (Schilli et al, 1997; Orlo¡ et al, 1995). A systematic evaluation
of the PTH1R role in the regulation of the hair cycle will be
essential to further identifying the speci¢c cells involved in
Figure 8. Overexpression of PTHrP decreases hair length in FGF-5-null animals. (a) Thirteen week old FGF-5-null mouse. (b) Thirteen week old
K14-PTHrP/FGF-5-null littermate. Note the dorsal coat length of the PTHrP/FGF-5-null mouse is discernibly shorter than the FGF-5-null littermate. (c)
Ventral surfaces of the male and female K14-PTHrP/FGF-5-null mice. In general there appeared to be slightly more and longer hair on the ventral skin of
the transgenic FGF-5 knockouts than the standard K14-PTHrP mice. (d^f) Hematoxylin and eosin-stained sections from formalin-¢xed, para⁄n-em-
bedded, skin taken from the mice in (a,b). (d) Dorsal skin from the FGF-5-null mouse. (e) Dorsal skin from the K14-PTHrP/FGF-5-null mouse. (f)Ventral
skin from the K14-PTHrP/FGF-5-null mouse.The lack of FGF-5 in the skin did not alter the subtle dorsal skin phenotype or the nipple like ventral surface
produced by the overexpression of PTHrP. Bar: (d^f) 80 mm. (g) The panel shows the mean length 7 SEM of three types of dorsal hair from the K14-
PTHrP/FGF-5-null mice at 21 d were 38^49% shorter than those of FGF-5-null littermates. po0.01 for all hair types of K14-PTHrP/FGF-5-null hair as
compared with FGF-5-null.
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mediating a PTHrP in£uence on the hair cycle. In addition, the
molecular regulatory cascades in which PTHrP functions to
regulate the hair cycle need to be elucidated. We attempted to
address this subject by breeding the K14-PTHrP mouse with the
FGF-5 null mouse. The ¢ndings from this cross imply that
N-terminal PTHrP e¡ect on the hair cycle does not require
this catagen-inducing factor, and suggest that PTHrP triggers this
hair cycle transition independent of the FGF-5 cascade.
During catagen, telogen, and portions of anagen, PTHrP tran-
script expression was concentrated in the ORS of the upper isth-
mus close to where the sebaceous gland merges with the hair
follicle.Within this region progenitor cells are thought to move
from the bulge into the epidermis and sebaceous glands (Taylor
et al, 2000; Oshima et al, 2001). The enlarged sebaceous glands ob-
served in both the dorsal and ventral skin of the K14-PTHrP
mouse suggest that PTHrP signaling may in£uence the fate of
precursor epidermal cells that pass through this region (Foley
et al, 1998). The fact that dermis around the isthmus after the ¢rst
hair cycle lacked a marked focus of PTH1R raises questions about
the speci¢c PTHrP signaling moiety and receptor that would in-
£uence this process.
We did not observe signi¢cant levels of PTHrP transcripts in
the interfollicular epidermis. In contrast, nearly all of the previous
PTHrP expression studies have used a variety of antibodies to the
three peptide fragments to localize relatively strong immunoreac-
tivity in all epidermal layers of human skin, especially those of
the interfollicular epidermis (Danks et al, 1989, 1991; Hayman
et al, 1989; Atillasoy et al, 1991; Rosol et al, 1993; Sharpe et al,
1998). At this point it is unclear whether the absence of discern-
ible PTHrP mRNA in the interfollicular epidermis of murine
samples re£ects species-related di¡erences or a lack of sensitivity
of the methodology employed.
In conclusion, it appears that PTHrP function in the skin can
be characterized by two general paradigms. PTHrP produced by
the mammary bud serves as a classic inductive factor in the step-
wise di¡erentiation events leading to the development of this un-
ique mammalian appendage. Although PTHrP and the PTH1R
are expressed in the cells of the developing hair follicle in a man-
ner similar to that in the mammary gland, it does not appear that
the peptide serves as an inductive factor required for development
of hair. This is supported by observations that the skin of the
PTHrP and PTH1R-knockout mouse contained hair follicles
(Karaplis et al, 1994; Lanske et al, 1996), and that relatively normal
hair was produced by the collagen II promoter-driven PTHrP-
transgene rescue of the PTHrP knockout mouse (Foley et al,
1998). In adult hair, high levels of PTHrP transcripts are located
within the ORS of the nonpermanent portion of the hair follicle
and the isthmus, where the keratinocytes are relatively undi¡er-
entiated and are in transit to locations such as the matrix, sebac-
eous glands, and interfollicular epidermis where terminal
di¡erentiation occurs (Taylor et al, 2000; Oshima et al, 2001). The
shortened hair cycle and enlarged sebaceous glands of the dorsal
skin of the K14-PTHrP mouse are consistent with an altered
commitment of cells to di¡erentiated fates associated with pro-
duction of the hair shaft and sebum. A role for PTHrP in the
regulation of di¡erentiation within a structure such as the hair
follicle that is composed of multiple intermediate cell types is
consistent with the well-established paradigm describing the
peptide’s e¡ect in the cartilaginous growth plates of the long bones.
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